ABSTRACT: The purpose of the study was to investigate the effect of an increase in mechanical knee joint loading during running on the serum COMP level. On two different test days, 20 healthy men ran with knee orthoses for 30 min on a treadmill (v ¼ 2.2 m/s). On day 1, the orthoses were passive, whereas on day 2 they were pneumatically driven (active) and thus increased the external knee flexion moments (þ30.9 Nm) during stance phase. Lower-limb mechanics and serum COMP levels (baseline; 0, 0.5, 1, 2 h post running) were analyzed. COMP levels increased immediately after running with passive (þ35%; pre: 7.5 U/l, 95%CI: 6.4, 8.7, post: 9.8 U/l, 95% CI: 8.8, 10.8, p < 0.001) and active orthoses (þ45%; pre: 7.6 U/l; 95%CI: 6.4, 8.8, post: 10.3 U/l, 95%CI: 9.2, 11.5, p < 0.001), but they did not differ between interventions. While running with active orthoses, greater ankle dorsiflexion angles, knee flexion angles, and moments occurred (p < 0.05). Comparing both interventions, the D COMP pre-post, meaning the difference (D) between running with active and passive orthoses in pre to post COMP level change (¼level after (post) running minus level before (pre) running), correlated negatively with D COMP baseline (difference between the baseline COMP level before running with active and passive orthoses, r ¼ À0.616; p ¼ 0.004), and with a positive tendence with the D maximum knee flexion (r ¼ 0.388; p ¼ 0.091). Therefore, changes in COMP concentration after physical activity seem to be highly influenced by the COMP baseline level. In addition, correlation analysis indicates that modifications in knee joint kinematics have a greater effect on cartilage metabolism than an increase in joint moments.
Besides systemic risk factors (age, gender, genetics, etc.), the pathogenesis of osteoarthritis (OA) is influenced by the local biomechanical loading environment of the joint. 1 With regard to the knee joint, anterior cruciate ligament (ACL) rupture, meniscectomy, malalignment, or overweight have been shown to change knee joint mechanics [2] [3] [4] [5] [6] [7] and to highly increase the prevalence and progression of gonarthrosis. [8] [9] [10] [11] [12] [13] Unfortunately, until today we are unable to distinguish between functional and pathomechanical joint loading patterns or to detect early critical events in cartilage metabolism. The in vivo examination of the effects of mechanical joint loading on healthy human articular cartilage is compounded by the limited number of research methods which preserve the integrity of the cartilage tissue. For this reason, biochemical markers of cartilage metabolism in serum and urine have become more and more important in recent years. Biomarkers can be analyzed in synovial fluid, blood serum or urine and might have the potential to identify pathomechanical joint loading and to detect early OA at a stage before irreversible changes in structure or function occur.
14 One of the best validated biomarkers of OA to date is cartilage oligomeric matrix protein (COMP). 15 COMP is a 524 kDa pentameric glycoprotein 16 that enhances the collagen fibril formation by binding five collagen molecules at the same time and bringing them in close proximity. 17 In mature cartilage with little collagen fibrillogenesis, COMP primarily seems to cross-link and stabilize the collagen network. 18 Several pre-clinical studies have demonstrated that COMP is mechanosensitive. Mechanical loading led to structural changes in COMP localization and anchorage in cell culture, 19 increased COMP synthesis in cartilage explants, 20, 21 and adaptations in COMP distribution in animal models. 22, 23 In humans, several studies revealed higher COMP levels in blood serum or synovial fluid (SF) of patients with knee joint injury, 24 OA, 25, 26 or rheumatoid arthritis (RA). 27, 28 Furthermore, COMP has been shown to reflect progressive joint damage, 25, 29 OA severity, and numbers of joints affected. 26 Therefore, COMP was classified as a marker of cartilage degeneration. However, in healthy humans, the serum COMP levels are also increased after physical activity, [30] [31] [32] [33] [34] [35] [36] but the underlying mechanisms are still mainly unknown. Several studies have shown that the loading mode of the physical activity has an influence on serum COMP concentrations. Uphill walking resulted in significantly higher serum COMP levels than walking on a horizontal pathway. 37 An analysis of marathon and ultra-marathon runners revealed that the greater the running distance, the higher the COMP levels 33, 34, 38 and the longer the time of COMP level increase. 33, 34 Niehoff et al. 35, 36 concluded that the release of COMP into serum is influenced by the impact-loading mode of physical activity because they could show that running and drop landing interventions led to a significant increase in serum COMP concentration, whereas slow deep knee bends did not. While walking exercise, Denning et al. 39 varied bodyweight (BW) and thus mechanical joint loading with the help of a weighted vest and a lower-body positive pressure treadmill. Walking with unaffected BW and increased BW (þ40%) resulted in a significant increase in serum COMP, whereas walking with decreased BW (À40%) did not change the COMP level significantly.
In summary, the above-mentioned human studies give a strong indication that an increase in mechanical joint loading leads to an augmented release of COMP into the serum. This is supported by Piscoya et al. 40 showing a dose-response relationship between the mechanical loading magnitude and the release of COMP in porcine cartilage explants. However, in humans that are physically active it still remains unknown which mechanical parameters influence the serum COMP concentration and whether there is a correlation between the loading magnitude and the serum COMP level. Beyond that, in previous studies the change in loading mode of physical activity always affected the mechanical loading of several joints of the human body. Thus, there no conclusion can be drawn on which joint might be responsible for the change in serum COMP concentration. Therefore, in our study we aimed to analyze the effect of an increase in mechanical knee joint loading during a 30-min running intervention on the serum COMP level. Pneumatically driven knee orthoses were constructed to increase the external knee flexion moments during the stance phase. To control the mechanical joint loading of the lower extremity, a 3D motion analysis was performed. We hypothesized that the mean serum COMP level is higher after running with experimentally increased external knee flexion moments (active orthoses) than after running without additional knee joint load (passive orthoses). Second, comparing both interventions, we hypothesized that there is a positive correlation between the variation in mechanical knee joint loading and prepost change in serum COMP concentration.
METHODS Subjects
Twenty healthy men were recruited (Table 1) . Inclusion criteria were an age between 20 and 35 years, physical fitness, and a good fit of the orthoses. Exclusion criteria were musculoskeletal disorders, acute, and chronic injuries, malalignment, trauma, or surgery of the joints of the lower extremities. A questionnaire was used to get information about the training habits in childhood/ adolescence and adulthood. The local ethics committee approved the study and written consent was obtained from all participants.
Experimental Protocol
To minimize joint loading before the experiment, that solely took place in the morning, subjects were asked not to exercise 24 h and to come to laboratory by car or public transportation. Subjects remained seated for 30 min before the first blood sample (baseline or pre) was drawn. 36 Then, the running intervention took place. After the intervention the subjects remained seated for another 2 h. Additional blood samples were drawn immediately afterwards (post), and then 0.5, 1, and 2 h after the intervention. . On the first day, no additional load was applied at the knee joints (passive orthoses), while on the second day the external knee flexion moments were increased through pneumatically driven orthoses during the first 80% of stance phase (active orthoses). This period was chosen because during running external knee flexion moments acted on average between 0% and 80% of stance phase. 41 The time of orthotic activity was therefore determined individually from the mean time of stance phase captured while running with passive orthoses (18th minute). Consequently, there was no randomization between loading conditions.
Pneumatically Driven Orthoses
Carbon fiber knee orthoses (ORTEMA, Markgr€ oningen, Germany) for the left and right legs were equipped with a pneumatic cylinder (FESTO, Esslingen am Neckar, Germany) ( Fig. 1 ). When air pressure increased up to a maximum of seven bar, the force of the piston was transferred via a wire rope hoist to the orthoses and a maximum technically possible orthotic flexion moment of 30.9 AE 0.9 Nm was generated. For a 79 kg person, the additional orthotic flexion moment (þ0.4 Nm/kg) is comparable with the increase in maximum knee flexion moment (þ0.6 Nm/kg) observed while increasing running velocity from 2.6 m/s to 3.6 m/s. 42 Inflow of air was regulated by a valve that opened immediately after heel strike detected via the vertical ground reaction force (GRF), and that closed after a manually defined time.
Motion Analysis
At six time points (3rd, 8th, 13th, 18th, 23rd, 28th min) 20 steps from the right leg were captured to determine stance phase kinetics and kinematics. Therefore, the GRF (1,000 Hz) and the point of force application were measured by four force strain-gauge sensing elements (MC3A-500, AMTI, Watertown, MA) that were incorporated in the treadmill. Kinematic data (250 Hz) were collected with an eleven infrared camera system (Vicon Motion Systems, Oxford, UK). Twelve retro-reflective markers were attached to represent the following bony landmarks: anterior/posterior superior iliac spines, medial/lateral malleolus, lateral/medial/ posterior calcaneus, first/fifth metatarsal head, top of the first distal phalanx. The femoral condyles were pointed during the neutral standing reference measurement. Eight markers were attached to the thigh and shank sections of the orthosis, serving as tracking markers for these segments (Fig. 1 ). Anatomical coordinate systems were defined for each segment during the reference measurement. The marker set was identical for both passive and active orthoses running interventions.
Data Analysis
All data curves were time normalized to the duration of the stance phase, defined as the time when the vertical GRF exceeded a threshold of 50 N. Raw marker coordinates and GRF data were filtered using a fourth order recursive digital Butterworth filter (cut-off frequency: 20 and 50 Hz, respectively). Angles and external moments of the right hip, knee, and ankle joint were calculated with Matlab (MathWorks, Natick, MA) by using a three-dimensional inverse dynamics model. 41, 43 Height, body mass, and foot length were used to calculate the anthropometric data by means of the regression equation from Zatsiorsky and Seluyanov. 44 Joint moments were expressed in the anatomical coordinate system of the proximal segment. Analyses were restricted to the sagittal and frontal plane. The externally applied orthotic flexion moment was added to the calculated external knee joint moments at the points in time when the orthosis was active. The analysis per subject included mean values of twenty cycles captured in sections of 10% of stance phase (0-10%, 10-20%, etc.) so that finally ten data points for each parameter were obtained. To compare the data points of the different parameters of both interventions from each subject, the mean values of all six time points were used.
Serum COMP Blood (5.0-7.5 ml) was collected by venipuncture (Vena cubitalis) with butterfly cannulas (BD Vacutainer 1 Safety Figure 1 . Subjects ran with active or passive knee orthoses for 30 min on a treadmill (v ¼ 2.2 m/s). The axis of the orthosis was positioned at a level of the knee joint space. Straps fixed the orthosis on the leg and foam helped to avoid pressure marks on the skin. To prevent falling, subjects wore a chest harness that was linked with a rope fixed on the ceiling. Furthermore, the chest harness was linked via straps with a climbing harness that was again linked via straps with the orthosis to avoid slipping during running.
KNEE JOINT LOADING AND COMP Lok, BD, Franklin Lakes, NJ) in serum-gel monovettes 1 (Sarstedt, N€ umbrecht, Germany). After blood coagulation (30 min, RT), serum was isolated by centrifugation (10 min, 3,000 rpm) and stored at À80˚C. Serum COMP levels were measured using a commercially available enzyme-linked immunosorbent assay (COMP 1 ELISA, AnaMar Medical AB, Lund, Sweden) that detects intact, pentameric COMP as well as fragments of them. The analyses were performed as specified by the manufacturer. According to the manufacturer, the detection limit of COMP is <0.1 U/l and the inter-and intra-assay coefficients of variation are <5%. All samples were analyzed in duplicate. Absorbance was measured at 450 nm (TriStar 2 , Berthold Technologies, Bad Wildbad, Germany). A calibration curve, calculated with a four parameter-regression by SigmaPlot 8.0 (Systat Software Inc., San Jose, CA), was used to determine the serum COMP concentration.
Statistical Analysis
Statistical analyses were performed with Statistica 7.1 (StatSoft GmbH, Hamburg, Germany) and SPSS Statistics 22 (IBM Corporation, New York, NY). Standard distribution of the variables was tested with the Kolmogorov-Smirnov test and sphericity was checked using Mauchly's sphericity test. A two-way (intervention and time) analysis of variance (ANOVA) with repeated measurements and Duncan's multiple range test for post hoc analysis were performed to detect significant differences in serum COMP levels and mechanical joint parameters. The absolute COMP values were used for the analysis and for graphical presentation data were normalized to baseline levels. Significant differences in step frequency and maximum COMP level were tested by using a dependent sample t-test. Variables are described as mean, 95% confidence interval (95%CI: lower limit, upper limit). For correlation testing the Pearson productmoment correlation coefficient was determined and in case of not normally distributed data the Spearman rank correlation coefficient was used. With the exception of the anthropometric data, level of physical activity, time of orthotic activity, and percentage increase of the maximum external knee flexion moment through the orthoses, correlation analyses always referred to the difference (D) that occurred between running with active and passive orthoses (Fig. 2) . For all statistical procedures significance was tested at a level of a ¼ 5%.
RESULTS
The level of physical activity of the subjects (age: 22-34 years) was currently 3.9 AE 4.0 h/week and in childhood/adolescence 7.5 AE 3.5 h/week. An average step frequency of 2.68 AE 0.14 Hz was recorded during running with passive orthoses and of 2.72 AE 0.14 Hz during running with active orthoses. There was no significant difference in the frequencies. 
Serum COMP Concentration
The mean baseline serum COMP concentration was 7.5 U/l (95%CI: 6.4, 8.7) prior to running with passive orthoses and 7.6 U/l (95%CI: 6.4, 8.8) prior to running with active orthoses (Table 2 ). The baseline values did not differ significantly and they were in accordance with levels of healthy adults recorded in other studies. 35, 45 Serum COMP levels increased immediately after running with passive orthoses by 35% (pre: 7.5 U/l (95%CI: 6.4, 8.7); post: 9.8 U/l (95%CI: 8.8, 10.8), p < 0.001) as well as after running with active orthoses by 45% (pre: 7.6 U/l (95%CI: 6.4, 8.8); post: 10.3 U/l (95%CI: 9.2, 11.5), p < 0.001) (Fig. 3) . In turn, a decrease of the serum COMP concentration could be observed 0. Concerning the maximum serum COMP concentration that occurred within 2 h after the intervention (2 h max) a mean increase of the COMP level by 38% (pre: 7.5 U/l (95%CI: 6.4, 8.7); 2h max: 10.1 U/l (95%CI: 8.9, 11.2), p < 0.001) after running with passive orthoses and an elevation of 52% (pre: 7.6 U/l (95%CI: 6.4, 8.8); 2 h max: 10.9 U/l (95%CI: 9.6, 12.1), p < 0.001) after running with active orthoses could be observed. Comparing the maximum serum COMP concentrations of both interventions we could detect a trend (p ¼ 0.061) toward higher maximum serum COMP levels after running with additional knee joint load.
Joint Mechanics
Compared to running with passive knee orthoses, the external knee flexion moments were higher during 30-80% of stance phase while running with active orthoses (30-40%: p ¼ 0.024; 40-50%: p ¼ 0.017; 50-60%: p ¼ 0.010; 60-70%: p ¼ 0.013; 70-80%: p ¼ 0.041) (Fig. 4) . The pneumatically driven orthoses were on average active from 9.4 AE 2.8% to 90.6 AE 6.8% of stance phase. The orthotic flexion moment increased the maximum knee flexion moment on average by 18.1 AE 4.1%. The external hip and ankle joint moments in the sagittal plane did not differ significantly. In the frontal plane, at none of the analyzed joints significantly different external joint moments could be observed. Concerning the joint kinematics, greater ankle dorsiflexion (60-70%: p ¼ 0.038; 70-80%: p ¼ 0.014; 80-90%: p ¼ 0.006; 90-100%: p ¼ 0.002) and knee flexion angles (60-70%: p ¼ 0.025; 70-80%: p ¼ 0.010; 80-90%: p ¼ 0.004; 90-100%: p ¼ 0.002) occurred while running with active orthoses. The hip joint angles did not show significant differences. In the frontal plane, at none of the analyzed joints the angles differed significantly.
Correlation Analysis
Correlations between D COMP pre-post, meaning the difference (D) between running with active and passive orthoses in pre to post COMP level change (¼level after (post) running minus level before (pre) running), and the D of mechanical joint parameters (difference in mechanical joint parameters between both running conditions) are summarized in Table 3 . There was no statistically significant correlation between the D (Fig. 5A) .
Correlations between D COMP pre-post and the remaining variables are summarized in Table 4 (Fig. 5B and C) .
DISCUSSION
In the present study, we examined the effect of an experimental increase in mechanical knee joint loading during 30 min of running on the serum COMP level in healthy humans. With the help of pneumatically driven knee orthoses the loading of the knee joints was experimentally varied by increasing the external flexion moment. It was hypothesized that after running with increased external knee flexion moments, the mean serum COMP level is higher than after running without additional knee joint load and that by comparing both interventions, there is a positive correlation between the variation in mechanical knee joint loading and pre-post change in serum COMP concentration.
Although the increase in serum COMP concentration was more pronounced immediately after running with additional knee joint load, with the number of subjects we could not detect significant differences in COMP levels between both interventions. Unfortunately, we cannot draw any conclusions if there are qualitative differences in serum COMP because the ELISA used detects intact, pentameric COMP as well as fragments of them. With the exception of the COMP level recorded one hour after running with additional knee joint load, the COMP concentrations remained significantly elevated for the remaining 2 h of experiment. After 30 min of running Niehoff et al. 36 found within 7 h of experiment significantly elevated serum COMP levels up to 1.5 h. In our study, the maximum serum COMP concentration occurred in 30% or 25% of subjects 30-120 min after running exercise with passive and active orthoses, respectively. Thus, the time that is needed to release COMP into serum seems to be individually different. One explanation for this might be that macromolecules and breakdown products of cartilage first have to pass the joint cavity via the synovial fluid before they are drained away by the subsynovial lymphatic plexus and finally pass into the venous bloodstream. 46, 47 However, the specific role of the synovial fluid still remains unclear. The net flow across the synovial interstitium can be enhanced during joint flexion due to an increased intra-articular fluid pressure. 46 Beyond that, Hyldahl et al. 48 showed that the decrease of COMP in synovial fluid measured in recreational runners 15 min after a running intervention correlated with the increase of serum COMP observed immediately after running and thus give first indications that elevated serum COMP levels after physical activity are in part the result of a better transport of COMP from the synovial fluid into the lymphatic system and bloodstream. Other possible sources of COMP should be also kept in mind. COMP is predominantly found in articular cartilage, but it can be also expressed by a variety of other relevant tissues such as meniscus, 49, 50 intervertebral disc, 49 ligament, and tendon 50, 51 as well as by synovial and dermal fibroblasts, 52, 53 In explants of porcine cartilage, an increase in mechanical loading was followed by an enhanced COMP release into the medium, indicating a doseresponse relationship. 40 In our study, while running with active orthoses the mean external knee flexion moments were significantly increased and the maximum knee flexion moment was raised by 18.1 AE 4.1%. Nevertheless, by comparing both interventions no correlation between the increase in knee joint moments and the change in pre-post serum COMP concentration could be found. During a 1 h training run at maximum speed, Kersting et al. 32 also could not find significant correlations between the knee joint moments or contact forces and the change in serum COMP level. Together, these observations indicate that during running exercises up to 1 h the knee joints moments are not a primary factor influencing the serum COMP concentration.
Interestingly, while running with active orthoses the subjects showed significantly greater knee flexion and ankle dorsiflexion angles during the second half of stance phase, pointing out that their legs remained more bent in the propulsion phase. Due to an increased knee joint flexion, cartilage areas might be mechanically loaded that during regular running training are not exposed to such a loading and that are consequently not adapted. Using the example of ACL rupture, it has been shown that articular cartilage is highly sensitive to kinematic changes. 12, 54 Andriacchi et al. 11 concluded that a shift of repetitive knee joint loading to a new location can have a profound influence on the initiation and progression of gonarthrosis. The difference in pre-post change in serum COMP levels can be explained in 15% of the cases through a change in knee flexion angle. Although this correlation just missed the significance Subjects showing a more pronounced pre-post change in serum COMP concentration immediately after running with additional knee joint load have been less physically active in childhood and adolescence. However, it was not the primary goal of this study to analyze the relationship between these two parameters. Consequently, even though there might be first indications for a correlation, until now, it remains extremely speculative that the less physically active the subjects have been during growth, the greater is the influence of a change in sagittal plane joint mechanics on cartilage metabolism. Further studies are needed to test this hypothesis in more detail.
The highest correlation in our study could be observed between the difference in the serum COMP baseline level and pre-post change in serum COMP (r ¼ À0.616; p ¼ 0.004). According to this, subjects with a lower COMP baseline level before running with active orthoses showed a more pronounced pre-post COMP level increase compared to running with passive orthoses and on the other hand, subjects with a higher baseline level showed a lower increase of the pre-post COMP concentration. Consequently, in further studies the intra-individual variability of the serum COMP baseline level should be kept as low as possible when comparing several interventions.
There are several limitations in the current study. Previous studies have reported that the serum COMP concentration is sex-dependent. 55 As we examined only male subjects, we cannot draw any conclusions about the effect of an increase in mechanical knee joint loading during running on serum COMP levels in women. Beyond that, it would have been interesting to analyze additional OA biomarkers of matrix components and/or their breakdown products, cytokines and proteases 15, 56, 57 to determine if their serum or urine concentration is influenced by acute mechanical loading.
In summary, we analyzed for the first time the in vivo short-term effect of a defined experimental increase in mechanical knee joint loading while running on the serum COMP concentration. We were able to show a significant increase of the COMP level after running with and without additional knee joint load. Although the increase in the COMP level was more pronounced with higher knee joint moments, with the number of subjects analyzed we could not detect significant differences between both interventions. However, our correlation analyses indicate that a change in knee joint kinematics is a more important influencing factor than an increase in knee joint moments. As consequence of running with greater knee flexion, areas of cartilage might be loaded that are not adapted to such a mechanical loading. Beyond that, we observed a high inter-individual variability in the change of the serum COMP level immediately after running that on the one hand seems to be affected by a different functional adaptation to mechanical loading during skeletal growth and on the other hand by the COMP level that is set as baseline. The relation between the change in COMP and mechanical joint loading seems to be very complex. Therefore, further studies are needed to determine whether COMP is a suitable marker for acute articular cartilage adaptation to knee joint loading indicating cartilage degeneration.
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